Coupling array technology to laser capture microdissection (LCM) has the potential to yield gene expression profiles of specific cell populations within tissue. However, remaining problems with linear amplification preclude accurate expression profiling when using the low nanogram amounts of RNA recovered after LCM of human tissue. We describe a novel robust method to reliably amplify RNA after LCM, allowing direct probing of 12K gene arrays. The fidelity of amplification was demonstrated by comparing the ability of amplified RNA (aRNA) versus that of native RNA to identify differentially expressed genes between two different cell lines, demonstrating a 99.3% concordance between observations. Array findings were validated by quantitative polymerase chain reaction analysis of a randomly selected subset of 32 genes. Using LCM to recover normal (N ¼ 5 subjects) or cancer (N ¼ 3) cell populations from intact human prostate tissue, three differentially expressed genes were identified. Independent investigators have previously identified differential expression of two of these three genes, hepsin and beta-microseminoprotein, in prostate cancer. Taken together, the current study demonstrates that accurate gene expression profiling can readily be performed on specific cell populations present within complex tissue. It also demonstrates that this approach efficiently identifies biologically relevant genes.
Introduction
The development of microarray technology has made it possible to carry out large-scale analyses of gene expression. 1, 2 Gene expression profiling has been used to identify differentially expressed, biologically relevant, genes in different types of cancer and in a variety of other diseases, and is particularly suited to evaluating the effects of therapeutic intervention upon target cells in vivo. [3] [4] [5] [6] Standard protocols require B5 mg of total RNA per sample as starting material for high-density oligonucleotide microarrays; B20 mg is required for cDNA-based microarrays. 7, 8 Whereas microgram quantities of RNA are readily extracted from whole biopsy specimens, individual specimens consist of a heterogeneous mixture of cell types. This, in turn, imposes practical limitations upon interpretation of resultant array data, particularly when one seeks to identify changes in a single-cell type, as is typically the case. Extraction of single-cell populations from intact tissue can be achieved through the use of laser capture microdissection (LCM). However, LCM yields of RNA for single-cell populations are typically significantly below 100 ng, and thus cannot support microarray analysis.
Small amounts of RNA can be amplified, thus providing a means whereby LCM can be coupled to microarray analysis. Two different methods can be used to amplify RNA. In the first method, the polymerase chain reaction (PCR) is used to achieve either exponential 9, 10 or linear amplification. 11 The second method utilizes in vitro transcription to achieve linear amplification. 12, 13 With amplification of a large population of genes, distortion of initial relationships becomes an important consideration. As all methods rely upon multiple enzymatic manipulations of RNA (which is chemically unstable) as well as of cDNA, the introduction of noise and systematic bias is essentially inevitable.
The performance of linear amplification has been described by a number of groups, and appears to offer less distortion than exponential amplification. 10, 14 However, it is important to consider that if one wants to measure gene expression in vivo, in a specific population of cells, one first needs to consider performance, when beginning with low nanogram quantities of total RNA and to then demonstrate utility in a target cell population within a given tissue type. Thus, whereas individual components of this multi-step process have been described, there is a lack of reports demonstrating that low nanogram quantities of RNA can be linearly amplified in a manner which provides for the maintenance of gene representation. Reports are also lacking which describe utility when applied to analysis of individual cell populations extracted from complex tissue, in particular human prostate tissue.
The current study describes a novel basic method, optimized to human prostate, for first-and secondstrand synthesis, a linked linear amplification method in which RNA is labeled in situ, although being amplified 1500-fold after only a single round, thus allowing direct and robust probing of microarrays. Faithful amplification is demonstrated with both microarray technology and real-time quantitative reverse tanscriptase/polymerase chain reaction. Using normal and cancer epithelial cell populations, recovered from intact human prostate tissue by LCM, we go on to show utility in a practical setting. In doing so, we also demonstrate the power and robust nature of this methodology. This was accomplished by demonstrating that with only eight different clinical samples, we could identify three different genes from over 12 000 analyzed whose expression was altered in cancer compared to that of normal prostate. Of those three genes, two have already been confirmed by independent investigators to be differentially expressed in human prostate cancer. Although prior confirmation of these genes required analysis of many specimens for each gene, both were simultaneously identified in the current study after analysis of only eight specimens total.
Materials and methods

Cell culture
The origin and culture conditions for PC3 and metastatic variant PC3-M cells has been described previously. 15, 16 All cells were maintained at 371C in a humidified atmosphere of 5% carbon dioxide with biweekly media changes. Cell growth was monitored daily to ensure continued exponential growth in a non-confluent state. Cells were drawn from stored stock cells, and replenished on a standardized periodic basis. All cells were routinely monitored for mycoplasma.
Isolation of RNA
With cell lines, microgram quantities of total RNA were extracted as described previously, 17 using Trizol reagent (Invitrogen, Carlsbad, CA, USA). RNA was treated with RNase-free DNase (Qiagen, Valencia, CA, USA), as per the manufacturer's instructions. RNA quality and quantity was evaluated by measuring optical density (OD) 260/280, as well as by visual inspection of agarose gels, as described previously. 17 With prostate epithelial cells microdissected from intact human prostate tissue by LCM, nanogram quantities of total RNA were extracted using the PicoPure RNA Extraction kit (Arcturus, Mountain View, CA, USA) according to the manufacturer's instructions, with modifications. The first modification was that after RNA extraction buffer was added to microdissected tissue on the LCM cap, it was frozen on dry ice until a total of four LCM caps were completed. Four separate LCM caps were obtained for each cell type (i.e., cancer or normal) from a given tissue specimen. As it takes B45 min to microdissect one LCM cap, over 2 h would have elapsed from the time of completion of the first cap until completion of the fourth cap. Freezing on dry ice increased RNA stability during this time period. The second modification was that RNA extraction solutions from four separate LCM caps were combined and loaded onto the purification column. This resulted in combined and concentrated RNA, minimizing downstream manipulations. Next, RNA was treated with RNase-free DNase I (Qiagen) for 15 min at room temperature. Finally, after washing as per manufacturer's instructions, RNA was eluted from the column by adding 11 ml RNase-free water.
RNA quantity and quality was measured by loading 1 ml of column eluent (diluted 1:3 in RNase-free water) onto an RNA LabChip (Agilent Technologies, Palo Alto, CA, USA) and analyzing on an Agilent 2100 Bioanalyzer (Agilent Technologies). Associated software was used for area-under-the-curve analysis for the calculation of concentration, as well as for the construction of a virtual gel, thus allowing visualization under emulated agarose gel conditions. To compliment software-based analysis of RNA concentration, various known amounts of stock RNA were also included on each LabChip, thus allowing construction of a standard curve. RNA was considered to be of acceptable quality if the 28s and 18s ribosomal bands were the predominant ones, if both were sharp in appearance, if the ratio of the 28s to the 18s band was X1.8, and if excessive additional bands were not present. Samples considered non-acceptable were not processed further.
Linear amplification of RNA
For cell lines, 40 ng total RNA were used. For microdissected prostate epithelial cells, RNA extracted from four LCM caps was combined and used, yielding B40 ng. cDNA was synthesized by first adding 1.8 mm of oligo-dT-T7 primer (5 0 -GACGGCCAGTGAATTGTAA TACGACTCACTATAGGGAGATCTGTATGCTGGTTTT TTTTTTTTTTTT-3 0 ) and 200 ng poly-dI/dC to RNA in a final volume of 11 ml, incubating 5 min at 651C, and immediately placing on ice. Poly-dI/dC reduces loss of RNA by nonspecific binding to the wall of tubes, but does not compete with deoxynucleoside triphosphates (dNTPs) in reverse transcription. To this were added 2 ) with a Stratalinker UV Crosslinker (Stratagene Inc., La Jolla, CA, USA) and the printed arrays were stored in the dark in a dehumidified atmosphere at room temperature. Before use, arrays were blocked by succinic anhydride treatment (165 mM succinic anhydride in a 24:1 ratio of 1-methyl-2-pyrrolidinone:1 M sodium borate, pH 8.0), and rinsed in ethanol. Array quality was evaluated both upon initial synthesis, as well as over time, by hybridizing with previously characterized stock RNA, and comparing current with prior gene expression profiles using array median centering and Corelation Coefficients Mapping programmed in MATLAB (The Mathworks Inc., Natick, MA, USA).
Arrays were hybridized with either fluorescently labeled cDNA (derived from native RNA) or with fluorescently labeled aRNA. Fluorescently labeled single-stranded cDNA probe was generated by annealing 50 mg native RNA (i.e. total RNA extracted from cell lines) with anchored oligodeoxythymidylate primer (13 mM) (5 0 -TTTTTTTTTTTTTTTTTTTVN-3 0 ; Molecular Biology Shared Resource, University of Nebraska Medical Center), in a total volume of 30 ml high-pressure liquid chromatography-purified water (Sigma, St. Louis, MO, USA) for 10 min at 701C and then placing on ice. To each sample was added 1 Â first strand buffer, 0.6 mM DTT, 30 mM each of dATP, [ 32 P]deoxycytidimine triphosphate and dGTP, 18 mM dTTP, 12 mM aminoallyl-dUTP, 20 U RNasin (Promega, Madison, WI, USA) and 150 U StrataScript reverse transcriptase (Stratagene) in a final volume of 60 ml. After incubation for 60 min at 481C, an additional 50 U of StrataScript reverse transcriptase was added, incubated 60 min at 481C, and the reaction stopped by the addition of 6.0 mM ethylenediaminetetraacetic acid (pH 8). After hydrolyzing RNA with 12 mM NaOH for 15 min at 651C, the reaction was cooled to room temperature and neutralized with 16.8 ml of 1 N HCl. First-strand cDNA was unincorporated purified from aminoallyl-dUTPs on QIAquick PCR purification columns (Qiagen) according to the manufacturer's protocols, except that QIAquick wash buffer was replaced with 5 mM potassium phosphate buffer (pH 8.5) containing 80% ethanol, and cDNA was eluted with 4 mM potassium phosphate buffer (pH 8.5) and centrifuged at 14 000 g for 1 min, under vacuum.
Resultant cDNA and 2.0 mg aRNA, with incorporated aminoallyl binding sites, were resuspended in 10 ml of 50 mM Na 2 CO 3 buffer (pH 9), mixed with either Cy3 or Prostate RNA linear amplification Y Ding et al Cy5 monofunctional NHS-ester (Amersham Pharmacia, Piscataway, NJ, USA) and incubated 90 min at room temperature in the dark. Cy3-and Cy5-conjugated cDNA targets were purified by passage through QIAquick PCR purification columns, vacuum-dried, resuspended in 55 ml hybridization solution (50% formamide, 4.1 Â Denhardts, 4.4 Â SSC, 15 mg human Cot1 DNA (Invitrogen), 12 mg poly-deoxyadenylate and 5 mg of yeast tRNA (Sigma)), clarified by centrifugation and hybridized to arrays overnight at 421C. After hybridization, array slides were washed by immersion in 2 Â SSC, 0.1% sodium dodecyl sulfate (SDS) for 5 min at room temperature, 1 Â SSC, 0.01% SDS for 5 min at room temperature and 0.2 Â SSC for 2 min at room temperature. Arrays were dried by centrifugation for 5 min at 1000 r.p.m., and immediately scanned on a ScanArray 4000 confocal laser system (Perkin-Elmer, Boston, MA, USA). Background fluorescence was subtracted, and normalization and filtering of the data were performed using the QuantArray software package (Perkin-Elmer), and expression ratios were calculated for each feature. All resultant data were included in the final analysis.
Quantitative polymerase chain reaction
Primers and probes for the 32 selected genes were purchased from Applied Biosystems Inc. (Foster City, CA, USA); their sequences are provided in Supplementary Table 1 (http://www.basic.northwestern.edu/ Prostate_SPORE/RayBergan_NAR_Data.html). Reverse transcription was performed with 0.2 mg of either native total RNA or aRNA, using TaqMan reverse transcriptase (Applied Biosystems) with random hexamers, as described previously. 18 For quantitative PCR (qPCR), cDNA, from the equivalent of 40 ng of either total RNA or aRNA were used for each 20 ml reaction, which was performed on an Applied Biosystems 7500 Real Time PCR System workstation, using a TaqMan Universal PCR kit (Applied Biosystems), according to the manufacturer's instructions. Reaction conditions were as follows: 10 min at 501C Â 1, 10 min at 951C Â 1, followed by 40 cycles of 15 s at 951C and 1 min at 601C.
For qPCR: (1) exon spanning primers were used; (2) products were separated on an agarose gel to confirm the presence of a single dominant band of the expected length, the band excised, subcloned into a TA cloning vector (Invitrogen) and sequenced to confirm identity; (3) reactions were run in replicates of two for each gene; (4) reactions were repeated at a separate time, also in replicates of two; (5) all 32 genes evaluated were run at the same time on a single plate for each sample evaluated (i.e., native PC3, native PC3-M, amplified PC3 and amplified PC3-M RNA); (6) all reactions had an internal fluorescent standard, thus allowing direct comparison between different reactions run at both the same time, as well as different times; and (7) with each run, identical stock RNA was included as a quality control.
For each reaction, the threshold cycle was identified, using software associated with the Applied Biosystems 7500 Real-Time PCR System. As reactions were run in duplicate, the mean threshold cycle for each gene in a given run was calculated and used for further analysis. Finally, only primer/probe combinations that provided a high-quality qPCR reaction were used. A reaction was considered high quality (1) if it generated a sigmoidal curve when reaction product was plotted against cycle number, and (2) if it was able to measure accurately changes in the amount of the targeted gene. This was determined by using different known amounts of input stock RNA, measuring the threshold cycle number, and calculating the fold difference in gene number according to equation (1) .
where, cA and cB are the threshold cycle numbers for genes A and B, respectively, and A/B is the fold difference in gene number between two different amounts of input stock RNA being evaluated.
Statistics
In considering experiments using both the same batch of RNA and those comparing different batches of RNA, we selected genes with a grand mean of expression intensities (i.e., averaged over both duplicates, both cell lines and both methods of obtaining the mRNA, native versus amplified) greater than 1000, or greater than 500; we did this process separately for each experiment. We standardized the data via the quantile method, 19 where we sorted each repeat, each of which contained 12 288 genes, ranked the sorted genes, divided the ranks by the total number of genes þ 1 (12 289) and used that number as the probability to obtain the standard normal inverse. Each repeat was then sorted by gene name and all repeats for the first experiment were sorted and merged by gene name. All repeats for the second experiment were also sorted and merged by gene name. Within each newly created data set, R nativeðiÞ ¼ e Z nativePC3ðiÞ ÀZ nativePC3ÀMðiÞ and R amplifiedðiÞ ¼ e Z amplifiedPC3ðiÞ ÀZ amplifiedPC3ÀMðiÞ
were calculated, where Z nativePC3(i) and Z nativePC3-M(i) are the standard normal inverses for the native PC3 and native PC3-M cell line genes, respectively, and i indicates either the first or second repeat of the same day from the same batch of RNA experiment, or the different batch of RNA repeat from the second experiment. Likewise, Z amplifiedPC3(i) and Z amplifiedPC3-M(i) are the standard normal inverses for the amplified data, and i again indicates the repeat within each experiments. The ratios obtained were then averaged across repeats, separately for native and amplified data, giving R native and R amplified , respectively, for each experiment. Standard deviations were also obtained separately for native and amplified data for each experiment.
Results
RNA amplification
The established prostate cancer cell lines, PC3 and PC3-M cells, have been extensively characterized by us, 15, 20, 21 and were used to develop and validate the linear amplification protocol. Typical yields of total RNA after LCM were B40 ng (see below). Thus, with cell line studies 40 ng total RNA were used to optimize reaction conditions. Once optimized, the complete reaction involved synthesis of cDNA, using an oligo-dT-T7 primer, second-strand synthesis, using random hexamProstate RNA linear amplification Y Ding et al ers, T4 DNA ligase and DNA polymerase I, and finally generation of amplified antisense RNA by an in vitro transcription reaction in which aaUTP was incorporated. Incorporation of aaUTP during synthesis of aRNA allowed direct conjugation to fluorescent dyes, allowed multiple flourochromes to be incorporated into each RNA strand (thus increasing the probe signal) and allowed fluorescently labeled RNA to then be used for direct hybridization to arrays. In order to measure the degree of amplification, evaluate day-to-day variability and to determine whether the reaction was robust, RNA amplification was performed each week for 12 weeks, for each cell line. This approach permitted evaluation of overall variability, of change over time and of change as a function of different batches of reaction components, some from different manufacturers (no differences were detected between manufacturers; data not shown). The mean (range) yield of aRNA for PC3 and PC3-M cells was 3.0 mg (1.8-4.0 mg) and 3.1 mg (1.9-4.8 mg), respectively, Table 1 . To evaluate the effect of operator experience, aRNA yields from reactions performed early in the 3-month period (reactions 1-6) were compared to those performed late (7) (8) (9) (10) (11) (12) , for both PC3 and PC3-M cells. For PC3 cells, mean yields for early and late reactions were 2.9 and 3.0, respectively, whereas for PC3-M cells, they were 3.1 and 3.1, respectively. Differences of yields between early and late reactions were not significant for either cell line (two-sided t-test P-value 40.05 in each case). Conservatively assuming that mRNA constitutes 5% of total RNA, PC3 and PC3-M mRNA was amplified on average at least 1493-and 1553-fold, respectively. Analysis of aRNA by capillary electrophoresis demonstrated that the peak length of transcripts ranged from 500 to 1000 bases ( Figure 1 ).
aRNA gene representation by microarray analysis
A common practical application is to apply gene array technology to clinical samples in an effort to identify differences between two cell populations, A versus B (e.g., normal versus cancer), where the ratio A/B is commonly evaluated. Because amounts of A and B are typically limiting, differences between amplified products, aA versus aB are measured, and extrapolated to A versus B. For an ideal amplification process, therefore, (aA/aB)/(A/B) should equal 1 for each gene measured.
To assess the extent to which this was the case, we first used microgram quantities of total RNA (i.e., native RNA) isolated from two different cell types, PC3 and PC3-M, to probe gene arrays, and compared differences in gene expression (i.e., A versus B). In parallel, we used 40 ng of the same native RNA, amplified it and used the resultant aRNA to probe gene arrays, and compared differences between aPC3 and aPC3-M (i.e., aA versus aB). However, when aPC3/aPC3-M was plotted against PC3/PC3-M, data did not cluster around the line of unity, Figure 2a (for data see http://www.basic. northwestern.edu/Prostate_SPORE/RayBergan_NAR_ Data.html). Furthermore, 14.9% of all genes evaluated exhibited greater than a two-fold difference in the ratio (r) of aPC3/aPC3-M to PC3/PC3-M. That is, 14.9% of all genes were outside of 0.5oro2.0, which represents traditional boundaries on gene arrays for excessive difference. In a replicate experiment, 39.8% of all genes were outside of 0.5oro2.0 (data not shown; available at http://www.basic.northwestern.edu/Prostate_SPORE/ RayBergan_NAR_Data.html). This finding did not provide convincing evidence that amplification maintains gene representation. However, data in Figure 2a was inclusive of all 12 000 genes on the array. Using data from PC3 native RNA, the intensity of gene expression was plotted against rank order of expression for each gene (Figure 2b ). It can be seen that only a fraction of genes are expressed. Similar findings were observed when using native RNA from PC3-M cells, or when using aRNA from either PC3 or PC3-M cells (data not shown). Thus, most of the genes evaluated in Figure 2a were, in fact, not even expressed by the cell. It is not accurate to measure amplification of genes whose expression approaches zero (or background). This is particularly troublesome when dealing with ratios of gene expression.
To overcome this problem, low-expressing genes were excluded from analysis. This was performed by first determining the average signal intensity of all genes within a given gene pool being considered (specifically, for PC3, PC3-M, aPC3 and aPC3-M), then normalizing each gene within that pool by the average and deleting those genes whose normalized expression was below 1.0. The 1.0 cutoff point corresponds to the inflection point of the gene expression curves depicted in Figure 2b . As such, it also represents genes that are expressed in a given cell type. For PC3, PC3-M, aPC3 and aPC3-M data Prostate RNA linear amplification Y Ding et al sets, this included 19, 18, 13 and 11% of all genes, respectively. Next, the normalized expression of a given gene was compared across all pools. Only those genes exhibiting expression of 1.0 or greater in each pool being considered were included in the final analysis. Finally, data from a replicate experiment was also included, and subjected to the same exclusion criteria. This left only 538 genes (or 4.4% of 12 289) for analysis. Although these genes only represent a small percentage of all genes on the array, they are all expressed at non-trivial levels in each of the four gene pools across two experiments. In practice, low-expressing genes would not be excluded. This is because you would only be comparing two data sets resulting from amplified RNA. You would then impose the requirement that one of the values would not be low. However, under the current circumstance we are seeking to validate methodology. We have thus imposed the additional requirement of non-amplified RNA. Thus, we are evaluating ratios of ratios. It is therefore an absolute requirement that only non-trivial gene expression data be evaluated. The resultant graph of aPC3/ aPC3-M versus PC3/PC3-M, for these 538 genes, is depicted in Figure 3a . Findings in Figure 3a , where only non-trivial data was analyzed, differ significantly from those depicted in Figure 2a , where data from all 12 000 genes was evaluated. Specifically, in Figure 3a data points cluster around the line of unity and 99.3% of all genes evaluated had a ratio (r), of aPC3/aPC3-M to PC3/ PC3-M, where 0.5oro2.0.
Validation of aRNA gene representation
Array findings were validated by qPCR of a subset of 32 randomly selected genes, from the pool of 538 genes evaluated above. See Supplementary Table 1 (http:// www.basic.northwestern.edu/Prostate_SPORE/RayBergan_ NAR_Data.html) for a complete list of genes, and PCR primer and probe sequences. Genes selected for qPCR analysis had the following characteristics: first, a high-quality qPCR reaction had to be available, as described in Materials and methods. A second requirement was that genes had to have an intron within 500 bp of the poly-A tail. As qPCR reactions used exon spanning primers (in addition to DNase treating RNA), requiring an intron within 500 bp of the poly-A tail optimized sequence overlap between products of qPCR reactions and products of linear amplification (which had a peak length of 500-1000 bases), see Figure 1 . A third requirement was that the group of 32 selected genes included representative members, which were expressed at low, intermediate and high levels, within the larger group of 538 genes. From qPCR-based measurements of gene expression levels, a plot of aPC3/aPC3-M versus PC3/PC3-M was constructed ( Figure 3b ). As can be seen, data clusters around the line of unity. In 31 of 32 genes (97%), the ratio (r), of aPC3/aPC3-M to PC3/PC3-M, is such that 0.5oro 2.0, and thus data in Figure 3b emulate that obtained with gene arrays, presented previously in Figure 3a .
Evaluating other factors: variability in gene expression
In practice, gene expression is compared between individual clinical samples, that is, not from the same batch of RNA. In studies using only non-amplified (or native) RNA, we have previously reported that there is increased variability in gene expression profiles when comparing RNA from different, as apposed to identical RNA batches. 22 Data in Figure 3a were generated from the same batch of RNA, for each cell line tested. To further characterize sources of variability, RNA was isolated from PC3 and PC3-M cells at two separate times, aRNA generated, and aPC3/aPC3-M versus PC3/PC3-M determined, for non-trivial genes (Figure 4) . A visual inspection reveals that clustering of genes around the line of unity is less pronounced, when compared to Figure 3a , where profiles were constructed from the same batch of RNA.
To further analyze fidelity and reproducibility, additional statistical analysis was performed on microarray Figure 2 Expression profiles of all genes. For native (nonamplified) RNA, 50 mg were isolated from either PC3 or PC3-M cells, labeled during cDNA synthesis and used to probe microarrays. For aRNA, 40 ng native RNA were subjected to linear amplification, labeled during in vitro transcription and 2.0 mg of resultant aRNA used to probe microarrays. In (a) differences in gene expression between native and aRNA were compared. On a single microarray, native PC3 and native PC3-M were compared, and the PC3/PC3-M gene expression ratio determined, for each of B12 000 genes. On a separate microarray, an identical approach was taken for amplified PC3 (aPC3) and aPC3-M, thus generating a aPC3/ aPC3-M gene expression ratio. Depicted is a plot of aPC3/aPC3-M versus PC3/PC3-M. In (b) intensity of gene expression is plotted against rank order of expression for all genes for PC3.
Prostate RNA linear amplification Y Ding et al data. Initial analysis focused upon comparing data obtained from the same batch of RNA, as compared to that obtained from different batches. For these studies, all 12K genes were first rank ordered, based upon the level of expression, as described in Figure 2 . Considering only genes with a mean level of expression of greater than 1000 (B50% of all genes), over 99% of genes had a aPC3/aPC3-M to PC3/PC3-M ratio (r), where 0.5oro2.0, when RNA from the same batch was evaluated, and 98% when RNA from different batches was considered. However, if the cutoff for the level of gene expression was lowered to 500 (B98% of all genes), percentages decreased to 90 and 79% for the same and different batches of RNA, respectively. If one now considers coefficient of variation (CV), and include only genes having mean expression intensities greater than 1000, CV was o0.5 in both native and aRNA for a given gene, in 99 and 71% of all genes evaluated for same and different RNA batches, respectively. If the cutoff for the level of gene expression was decreased to 500, percentages for CVs o0.5 decreased to 72 and 27% for the same and different batches of RNA, respectively. Taken together, the above analysis indicates good precision between aRNA and native RNA, for purposes of identifying differences in gene expression between two different gene pools; in this case, PC3 cells versus PC3-M cells. However, precision is compromised for genes expressed at low levels. Historically, when dealing with linear amplification, investigators have provided comparisons between native and amplified RNA. [23] [24] [25] To this end, we have performed such a calculation. For genes with expression intensity greater than 1000, the correlation coefficient, R, when native and aRNA was compared, was 0.074 and 0.082, for PC3 and PC3-M cells, respectively. However, if genes with expression intensities as low as 500 were also included, R values increased to 0.441 and 0.469, for PC3 and PC3-M cells, respectively. Thus, if one analyzes genes that are in essence not expressed in a given cell, then the amplified to native R values appear to increase. To investigate other possible factors, which may contribute to low correlation coefficients, the same aliquot of RNA was split in two, labeled in parallel with either Cy3 or Cy5 as described in Materials and methods and a selfself hybridization on a single array was performed. The resultant R value was 0.98 (http://www.basic.north western.edu/Prostate_SPORE/RayBergan_NAR_Data. html). Finally, to ensure that poor correlations were not Prostate RNA linear amplification Y Ding et al owing to factors related to microarray manufacturing and/or variations in hybridization and reading, the same aliquot of RNA was identically labeled and used to probe different array chips. The resultant R value was 0.997 (http://www.basic.northwestern.edu/Prostate_SPORE/ RayBergan_NAR_Data.html).
Using data from qPCR experiments and comparing native to amplified RNA, R values of 0.729 and 0.817 for PC3 and PC3-M cells, respectively, were observed. Although this is an improvement over values observed with microarrays, they are still far below the R values of B0.9, for comparisons of native to amplified RNA, reported by other investigators. 23, 25 To determine if low R values, for comparisons between native and amplified RNA, were owing to errors associated with qPCR-based methods of measurement, further analysis was performed. From the same batch of native RNA, the expression of all 32 genes was measured by qPCR on two separate occasions. Comparison of these two measurements of native RNA gives an R value of 0.998 and 0.998, for PC3 and PC3-M cells, respectively. Performing the same comparison for two separate measurements of amplified RNA, which in turn was synthesized two separate times from the same batch of native RNA, R values were 0.993 and 0.995, for PC3 and PC3-M cells, respectively. These findings demonstrate that errors associated with qPCR-based methods of measurement were negligible.
The above findings demonstrate that aRNA cannot be used to predict relationships of gene expression within a given cell. Importantly, although biases exist in the amplification of RNA, they are replicated accurately, and thus allow accurate comparison of gene expression between two different cell populations. Taken together, findings support the notion that it should be possible to accurately measure differences in gene expression between two cell populations present within human tissue. This was therefore investigated.
Gene profiling of prostate epithelial cells isolated from intact human prostate tissue by LCM
With LCM, individual cells are identified by light microscopy, and their selective transfer onto an overlying plastic cap is mediated through the use of a directed laser pulse. 26 Figure 5a depicts a typical outcome after LCMmediated selective removal of prostate epithelial cells (in this case, normal cells) from intact human prostate tissue. The quality and quantity of RNA recovered from microdissected normal or cancer epithelial cells was then evaluated by capillary electrophoresis in six subjects (Figure 5b and c) . RNA was degraded in normal cells from subject 1, and in cancer cells from subject 2. There were insufficient cancer cells in subjects 5 and 6 to support LCM, and thus only normal cells were microdissected. Subjects 3 and 4 yielded non-degraded RNA from both normal and cancer epithelial cells. Thus, of the 10 RNA samples evaluated in Figure 5b and c, eight (80%) were not degraded. To date, 21 samples from 16 different subjects have been acquired by LCM in our laboratory. Of these 21 samples, 17 (81%) have yielded non-degraded RNA in amounts of 40 ng or more (data not shown). This demonstrates that high-quality RNA can readily be recovered from prostate epithelial cells, which were microdissected from whole human prostate specimens.
Next, the ability to profile gene expression in microdissected specimens was demonstrated. These studies used non-degraded RNA from five normal and three RNA was extracted from microdissected normal epithelial (N) and cancer (C) cells, from six different subjects (1-6), and analyzed by capillary electrophoresis, as described in Materials and methods. MW standards: RNA molecular weight ladder; 0.4-3.2 ng stock RNA, as indicated; amount of calculated RNA from samples is indicated. Arrows denote RNA of poor quality, which was not processed further.
Prostate RNA linear amplification Y Ding et al cancer samples, from the six subjects described in Figure  5b and c. There were no differences in numbers of captured cells or RNA yield between cancer and normal cells (Table 2) . Ten percent fewer laser pulses were required on average for cancer than for normal cells (Po0.001), reflecting a greater cell yield for each pulse. RNA was linear amplified, conjugated to fluorescent dye and then used to probe gene arrays. RNA from four LCM caps was combined in order to minimize down stream manipulations, and reduce potential sources of variability. Resultant data was normalized and that from genes exhibiting expression in the lowest 20% was discarded. The focus of this experiment was to evaluate performance of array profiling methods when applied to human tissue. Analysis, therefore, focused upon normal prostate epithelial cells, which represent a relatively homogeneous population. In contrast to normal cells, cancer is heterogeneous. In the case of prostate cancer in particular, its molecular profile has been shown to vary significantly between subjects. 27 The mean7s.e.m. of gene expression for normal epithelial cells was therefore plotted against mean values for cancer (Figure 6a ). It can be seen that the ratios of normal to cancer gene expression cluster around the line of unity. Also of importance is that sample-to-sample variation is limited. Specifically, CV was less than 0.5 in 55% of genes examined, even though samples were from different individuals.
There are five genes that appear to be outliers. However, taking into consideration variance in both normal epithelial cells as well as in cancer cells, only three, b-microseminoprotein, hepsin and TRPM4B, are statistically significant outliers (t-test P-value o0.05) (Figure 6b ). Of these three genes, two have already been identified as exhibiting differential expression in human prostate cancer by independent investigators. One is bmicroseminoprotein, which is a major protein secreted by prostate cells into the seminal fluid. It suppresses the growth of human prostate cells, 28 and is high in normal prostate epithelial cells, decreased in prostate cancer. 29, 30 The second is hepsin which is a cell surface serine protease. Hepsin expression promotes prostate cancer metastasis, 31 and is high in prostate cancer as compared to normal prostate epithelial cells. 32 Independent investigations found b-microseminoprotein to be up in normal, and hepsin to be up in cancer, identical to findings in the current study. Importantly, confirmation of differential expression by independent investigators required analysis of large numbers of subject samples in each instance. In contrast, in the current study specimens from only eight subjects were analyzed and differential expression of both b-microseminoprotein and hepsin were detected. The third gene, TRPM4B, appears to code for a novel calcium channel protein, and its role in prostate cancer remains uncharacterized.
Discussion
To be able to perform gene array analysis on a pure cell population isolated from intact tissue, a series of interdependent steps were required. In the current study, we have developed and characterized those components Genes that appear to be outliers are indicated. Genes whose expression differs significantly between normal and cancer are marked by * (two-sided t-test P-value p0.05).
Prostate RNA linear amplification Y Ding et al which were heretofore lacking, have described the complete set of reactions and went on to show practical utility. The design and execution of our experiments meets all components of the MIAMI compliance checklist (available at web site: http://www.mged.org/Workgroups/Minimum Information About a Microarray (MIAME)/miame_checklist.html). In the process, we have identified genes that were differentially expressed in prostate cancer. This data have been deposited into Gene Expression Omnibus (GEO; http://www.ncbi.nlm. nih.gov/projects/geo/). The development and optimization of this complete set of linked reactions involved a process of multiple iterations, multiple comparisons of different methods and step-wise advancement. These developmental components were not described in the Materials and methods section. However, based upon our experience with the process, there are specific aspects that emerged as important. As knowledge of these will likely benefit future researchers who may wish to tailor the current protocol to suit their specific needs, they are discussed below. Established methods for initial early capture and freezing of tissue, as defined by a set of standard operating procedures (SOPs) and implemented accordingly, was an absolute necessity. Delays in processing and/or deviation from SOPs were associated with degradation of RNA. Likewise, steps associated with LCM were critical. These included performing two xylene washes to ensure complete dehydration of tissue, immediate placement of RNA stabilization media on dry ice (during ongoing acquisition of additional LCM caps) and combining extracts from four LCM caps for the RNA isolation step and eluting from the column with 11 ml water. High-quality RNA was recovered from cells removed from clinical specimens by LCM over 80% of the time in our hands. Evaluation of the quality of recovered RNA by capillary electrophoresis was an important quality control measure. It prevented the otherwise wasted analysis of 20% of samples, and more importantly excluded tainted gene expression data.
The source of enzymes and other reagents for first-and second-strand synthesis reactions did not have a great impact upon outcome. However, only high-performance enzymes from established manufacturers were used. Commercial in vitro transcription kits are widely available, were used in the current study and differences in performance between different manufactures were not apparent. It was, however, critical to extend in vitro transcription reaction times to the maximum in order to sustain yield.
The current protocol represents the first that is able to use RNA isolated from LCM-derived epithelial cells to probe gene arrays after only a single round of in vitro transcription. It was therefore important that we demonstrated the robust nature of the methodology. Specifically, we demonstrated the ability to amplify consistently total RNA to yield enough aRNA to probe arrays over a time span of 3 months, using reagents from different manufactures, and did so with two separate cell lines. The average yield of aRNA using the current protocol was 3 mg. Most other methods require two or more rounds of amplification and require starting amounts of total RNA of 30-100 ng. [33] [34] [35] Increases in the number of rounds of amplification not only increases cost and processing time but also variability. 33 Yields of up to 2.0 mg aRNA have been reported by others after only a single round of amplification starting from 30 to 60 ng of total RNA. 13 However, array signal drops off significantly below 2.0 mg of probe. Thus, one cannot rely upon a protocol whose maximum yield of probe is 2.0 mg. With the current protocol, peak transcript length after in vitro transcription ranged from 500 to 1000 bases, with prior reports describing peak lengths of around 500 after a single round of amplification. 36, 37 As it is important to optimize overlap between probe and array sequence, a longer transcript length is desirable. Other investigators have used LCM followed by gene profiling in a variety of cancer types, for example, gastric, prostate, pancreatic and oral cavity. [38] [39] [40] [41] However, amplification of RNA required either PCR-based methods or required multiple rounds of in vitro transcription. A variety of commercial kits are available, which utilize a single round of in vitro transcription to amplify RNA. However, the minimal recommended amount of input RNA is 100 ng. Further, apart from measuring yield of amplified product, the performance characteristics of many of these protocols have not been evaluated.
The primary goal of gene expression profiling is to identify differences between two different cell populations. It was therefore important that initial investigations focused upon comparing differences in gene expression between two different cell lines. Although this approach has previously been described, much higher amounts of starting RNA were used. 10, 42, 43 It was therefore important that we went on to validate and characterize the current methodology, demonstrating its ability to measure accurately differences in gene expression between different cell types starting with low nanogram amounts of RNA. As this is the amount of RNA typically recovered from a single-cell population extracted from intact tissue, it was also important that we then went on to demonstrate its practical applicability in this regard.
Findings from the current study highlight the fact that any given cell only expresses a fraction of genes present within the whole genome. This is a necessary requirement for cellular specialization. 44, 45 The importance of this fact when taking into consideration output from gene arrays was also demonstrated. Specifically, we showed that analysis of data from genes not expressed, that is, trivial data, led to false high correlation values when native and aRNA were compared within a given cell. In order to compare ratios of gene expression for the two cell lines between native and amplified RNA, it was necessary to exclude genes, which were not expressed. As there is no clear cutoff point for a lower limit of gene expression in this regard, we selected an arbitrary point of 1.0 for normalized expression. This value closely approximated the inflection point on the plot of gene intensity versus rank order of gene expression (see Figure 2b) . Genes above this value were clearly expressed by the cell types being studied. As we imposed this requirement across multiple data sets, it resulted in the exclusion of most genes. Although these were artificial circumstances, they were non-biased, and only designed to allow us to compare the performance of native and amplified RNA. Importantly, these studies allowed us to demonstrate that the fidelity of differences in gene expression across cell types is maintained when aRNA was compared to native total RNA. Array findings were corroborated by qPCR studies, thus demonstrating that outcomes were not method specific. For arrays, gene expression data were normalized by taking into consideration gene expression across all genes. Thus, for qPCR we elected not to normalize to a single gene (as we and others commonly do 46 ), but instead chose to use uniform amounts of RNA in each reaction. This was ensured by the use of stock RNA whose amount was determined by OD.
Reports by other investigators appear to conflict in this area, with some describing a high correlation when native and aRNA are compared within a specific cell type, whereas others report a low correlation. [23] [24] [25] 42, 47, 48 As the efficiency of transcription is not equal for all genes, one would expect to find a low correlation. It is possible that apparent differences reported in the literature relate to some extent to including genes in the analysis, which are only expressed at trivial levels. Such genes are not expressed in a given cell, but give a low signal on microarrays.
Taken as a whole, the above discussion highlights the point that amplification of RNA introduces gene-specific biases, thus precluding the use of aRNA to measure differences in gene expression within a given cell. However, it is very important to emphasize the point that these biases are accurately replicated for a given gene across all genes evaluated, and across cell types. This is evidenced by the fact that a high R value is observed when one compares gene expression profiles between different batches of aRNA for a given cell type. This means that aRNA provides an excellent measure for differences in gene expression between different cells. This is directly supported by a number of findings in the current study. First, when comparing differences in gene expression between PC3 and PC3-M cells, there is a high correlation between findings seen with native and amplified RNA. Second, expression profiling of clinical samples self-organized into a biologically relevant pattern. Specifically, data aligned along the line of unity when normal and cancer were compared. If data were not representative of the in vivo situation, then a different pattern, or no pattern, would emerge. Third, there was a remarkably low level of variance for individual genes, given that data were combined across different individuals. If data were not representative of the in vivo situation, then high levels of variance would be observed. Finally, of three genes identified, two have already been independently shown to be differentially expressed in prostate cancer. If data were not representative of the in vivo situation, then it would not be possible to go from over 12 000 genes to a situation where two of three identified genes have already been shown to be important and differentially expressed in prostate cancer.
In addition to biases introduced by linear amplification, the current study identified other sources of variability, which are of importance when seeking to apply this technology to a practical situation. Tissue from patients is acquired over time and thus processed on different days. We used different preparations of RNA from the same cell line but isolated on different days to model this situation. In this manner, we demonstrated that there is intrinsic variation from preparation-topreparation in both native and amplified RNA. Preparation-to-preparation variation stems from multiple causes, including variation related to day-to-day changes in gene expression in cultured cells, as well as variation related to technique and reagents. We have previously described similar findings before in studies involving only nonamplified (i.e., native) RNA. 22 Most importantly, when LCM was coupled to linear amplification and array data pooled across different subjects, genes were found to be differentially expressed when normal epithelial cells were compared to cancer.
There are many ways to analyze gene array data, and no consensus upon which is the optimal. 49, 50 We elected to pursue a conservative approach to identify outlier genes, thus yielding only three differentially expressed genes. A different, possibly less conservative approach, would have likely have yielded more genes. Importantly, using this prospectively chosen approach two of three identified genes, hepsin and b-microseminoprotein, have already been validated by other investigators. Notably, although studies by these independent investigators required analysis of many clinical samples each for hepsin and b-microseminoprotein, both were identified in the current study after analysis of only eight samples total. This finding highlights the power of the current methodology.
We have described and characterized a method by which gene profiling can be performed on single-cell populations that have been selectively isolated from intact tissue. The practical utility and power of this methodology was demonstrated using human prostate tissue and comparing normal epithelium to cancer. However, it can be applied to essentially any tissue type, in different disease states, and in the context of therapeutic intervention. Thus, it is widely applicable and poised to provide important information related to in vivo gene regulation and biology.
